Aims: To examine the dose-response relation of inhaled fluticasone for both efficacy and adrenal function in children with asthma. Methods: Systematic review of double blind randomised dose-response studies of fluticasone in children of at least 4 weeks duration. Main outcome measures: FEV 1 , morning peak expiratory flow, night awakenings, b agonist use, major exacerbations, 12 or 24 hour urinary cortisol, peak plasma cortisol post-stimulation. Results: Seven studies of 1733 children with asthma met the inclusion criteria for efficacy. The doseresponse curve for each efficacy outcome measure suggested that the response began to plateau between 100 and 200 mg per day with additional efficacy at the 400 mg per day dose shown in one study of severe asthmatics. Five studies of 1096 children with asthma met the inclusion criteria for assessment of adrenal function. The largest placebo controlled study of 437 children reported no difference in 24 hour urinary cortisol between placebo and fluticasone at doses of 100 and 200 mg per day. The non-placebo controlled study of 528 children reported significant suppression of overnight urinary cortisol levels with fluticasone at 400 compared with 200 mg per day. Conclusions: There is insufficient data to determine the dose-response of fluticasone in children at doses .400 mg per day. The dose-response curve for fluticasone appears to plateau between 100 and 200 mg per day for efficacy. There was additional efficacy at the 400 mg per day dose in children with severe asthma; however there was evidence of adrenal suppression at this dose.
I n a recent meta-analysis of placebo controlled dose response studies of the inhaled corticosteroid fluticasone propionate we have shown that in adolescent and adult patients with asthma, most of the therapeutic benefit is achieved with a dose of between 100 and 250 mg per day. 1 The comparable dose-response relation for fluticasone in children with asthma has not been formally established for either efficacy or adverse systemic effects such as adrenal suppression. Recently there have been case reports of symptomatic adrenal insufficiency, [2] [3] [4] [5] including life threatening acute adrenal crisis [6] [7] [8] [9] attributed to fluticasone therapy at doses >500 mg per day in children with asthma. This has prompted our group to undertake a systematic review of dose-response studies that have examined the efficacy and adrenal effects of fluticasone in children.
METHODS

Search strategy
We conducted a search of Medline from 1 January 1966 to June 2002 and of EMBASE from 1980 to June 2002 (see fig 1) . On Medline we combined a search of studies containing the keyword ''fluticasone'' with a search using the MeSH subject heading ''asthma'' and ''dose-response relationship'', ''drug'' (MeSH) or the keywords ''dose'' or ''dosage'', ''children'' or ''childhood'', and ''adrenal'' or ''HPA axis''. On EMBASE we searched for studies containing the keywords ''fluticasone'' and ''dose'' and ''dosage''. We asked GlaxoSmithKline, the manufacturer of fluticasone, for details of all relevant studies. We also examined the reference lists of relevant studies. Two people examined each paper's title and abstract and then the full paper if necessary.
Inclusion criteria
Placebo controlled studies
To be included in this meta-analysis, studies had to meet all the following criteria: a double blind randomised placebo controlled trial of children (4-16 years) with asthma; at least one dose of inhaled fluticasone; at least four weeks' duration.
For clinical efficacy, data on at least one of the following outcome measures was required, forced expiratory volume in one second (FEV 1 ) (litres), morning and evening peak expiratory flow (l/min), use of b agonists (puffs/day), night wakening, and withdrawal rate due to exacerbations of asthma.
For adrenal function, data were required on at least one sensitive measure of adrenal function including 12 or 24 hour urinary cortisol or plasma cortisol post-stimulation. Studies reporting single morning plasma cortisol measurements were excluded as this is a relatively insensitive and variable measure for detecting adrenal suppression. [10] [11] [12] Non-placebo controlled studies A secondary analysis was undertaken in which double blind randomised trials were studied that met the above criteria but studied at least two doses of fluticasone without the requirement to be placebo controlled. This secondary analysis was undertaken in an attempt to determine the doseresponse relation at doses .200 mg per day, which represented the highest dose studied with the placebo controlled studies.
Data analysis
Extraction of data was based on reported summary statistics (means, standard deviation, standard errors of means) for the intention to treat population. For each study the mean and standard deviation of the change from baseline was taken as the response variable with data taken from the text, tables, or estimated from figures. Standard methods for pooling continuous outcome variables were used. 13 For study withdrawals, standard methods of pooling odds ratios were used.
13 SAS version 8.2 and Minitab version 13.32 were used.
RESULTS
Efficacy
Placebo controlled studies
There were five studies with a total of 1150 children who met the inclusion criteria for the analysis of clinical efficacy (table 1) . [14] [15] [16] [17] [18] There were no studies in which doses .200 mg per day were examined. The study of Hofstra and colleagues, 19 which examined doses of 200 and 500 mg per day was not included as it did not provide data in the required format; interpretation would also have been limited by both the small numbers and inclusion of children with baseline lung function close to predicted values.
A formal meta-analysis of the continuous outcome variables could not be performed as only one study 15 reported means and a measure of variance for the continuous outcome variables for placebo, 100 and 200 mg per day doses; in this study there was no statistically significant difference between the responses at 100 and 200 mg per day. A plot of the raw data for each outcome measure against a dose of fluticasone suggested that the response begins to plateau between 100 to 200 mg per day (fig 2) . For continuous outcome variables the pooled response at 100 mg per day was similar to the pooled response at 200 mg per day (table 2) .
All studies provided data regarding withdrawal and in all cases this was due to worsening asthma or respiratory symptoms. One study had a ''zero cell count'' for study withdrawal 16 and 0.5 was added to this cell to allow calculation of an odds ratio. For those two studies 15 17 that directly compared 100 versus 200 mg per day the odds ratio for the estimate of effect showed no significant difference between the two doses (table 3).
Non-placebo controlled studies
There were two studies with a total of 583 children who met the criteria for the analysis of clinical efficacy (table 1) . 20 21 In the Verona and colleagues 20 study of children with asthma previously requiring high dose inhaled corticosteroid therapy, fluticasone in a dose of 400 mg per day resulted in a greater increase in clinic PEF than the 200 mg per day dose, with a 17.8 l/min difference at the end of the 52 week study (table 4). The corresponding difference in morning and evening PEF as recorded in the daily record cards was 11.4 and 11.9 l/min respectively in favour of the higher dose regime; however there was no significant difference in exacerbation rates, which was the primary end point of the study.
In the Visser and colleagues 21 study, children with asthma received fluticasone 200 mg per day for 12 months or started with 1000 mg per day with two monthly reductions to 500, 200, and 100 mg per day, which was then maintained for six months. There was no difference in clinical outcomes including lung function, symptom scores, or exacerbations between the treatment schedules at any stage during the 12 month study period (table 4) . As a result, there was no difference observed during the initial two month period with the 200 versus 1000 mg per day comparison, or during the final six month period with 200 versus 100 mg per day comparison.
Adrenal function
Placebo controlled studies
There were four studies with a total of 568 children who met the inclusion criteria for the analysis of the effects on adrenal function (table 5) . 15 16 22 23 From these studies it was not possible to undertake a meta-analysis for effects on adrenal function due to differences in presentation of the data.
In the study of Peden and colleagues 15 of 437 children, there was no difference in the 24 hour urinary cortisol between placebo and the 100 and 200 mg per day doses of fluticasone delivered by either the diskhaler or diskus device. In the study of Hoekstra and colleagues 16 of 34 children, morning urinary cortisol was significantly lower in the group taking fluticasone 200 mg per day compared to placebo after three months of treatment. In both these studies, the number of children with abnormal adrenal function before and after treatment with the different regimes was not reported. In the study of Price and colleagues, 22 there was no significant difference between the effect of fluticasone 100 mg per day and sodium cromoglycate (placebo) in 24 hour urinary cortisol. However, four of the 52 children taking fluticasone were below the designated lower level of the normal range (50 nmol/24 hours) after 12 months of treatment, with no abnormally low values observed in the placebo group. Kannisto and colleagues 23 reported that 20% (6/30) of previously steroid naïve children had an abnormal response to low dose ACTH stimulation after two months of treatment with fluticasone 500 mg per day. A similar proportion of children (5/30) had an abnormal response despite a reduction in the fluticasone dose to 200 mg per day for a further two months. In contrast, children in the cromoglycate (placebo) group expressed a normal response to low dose ACTH stimulation throughout the study, including those children changed to cromoglycate after four months of fluticasone treatment.
Non-placebo controlled studies
There was one study of 528 children which met the inclusion criteria for the effects of adrenal function (table 5) . 20 In this study, the urinary cortisol concentrations for 400 versus 200 mg per day regimes were significantly different, with treatment ratios of 0.86 and 0.81 at weeks 16 and 52 respectively. In the total population, urinary cortisol levels remained unchanged or within the normal range in 91% and 95% of children taking 400 and 200 mg per day respectively. Urinary cortisol concentration fell below the lower level of the normal range (,5 nmol/l) in nine children (4%) in the fluticasone 400 mg per day group, and in one child (0.5%) in the 200 mg per day group. 
DISCUSSION
This systematic review has shown that for both efficacy and systemic effects the dose-response relation of fluticasone has been adequately examined in children only in doses of up to 400 mg per day. In terms of efficacy, the dose-response curve appears to plateau between 100 and 200 mg per day with further benefit achieved with the 400 mg per day dose in children with severe asthma. However, at the 400 mg per day dose of fluticasone there was evidence of adrenal suppression in a small but clinically significant number of children.
Limitations
The major limitations of this study are the small number of randomised placebo controlled studies which assessed the dose-response relation of fluticasone and that in these studies the highest dose examined for either efficacy or adrenal effects was 200 mg per day. This led to a secondary analysis being undertaken, which involved non-placebo controlled dose-response studies, which enabled the clinical efficacy of doses .200 mg per day to be reviewed. However, despite this additional analysis, there was insufficient data to confidently determine the therapeutic index of fluticasone. The major limitation in the assessment of adrenal function was that most studies made a single measurement of morning plasma cortisol which is recognised as an insensitive and variable measure of adrenal insufficiency. [10] [11] [12] It is for this reason that we restricted our analysis to studies which had used assessment of either 12 or 24 hour urinary cortisol or post-stimulation serum cortisol responses, which are sensitive measures of adrenal function. 10 24-26 Another related problem was the standard reporting of mean changes in adrenal function without stating the proportion of children who developed an abnormal test following fluticasone treatment which would have been informative due to the marked individual variability in response that may occur.
Another limitation was the lack of long term studies which is likely to have resulted in an underestimation of the magnitude of the effect due to the greater propensity to develop adrenal suppression with treatment beyond one year. 24 
Efficacy
For the different measures of efficacy the analyses from the placebo controlled studies indicated that the dose-response appeared to plateau between 100 and 200 mg per day. It was possible to examine the effect of higher doses in the two nonplacebo controlled studies. In the 12 month study of children with severe asthma previously requiring high dose inhaled corticosteroids, there was a greater improvement in lung function with the 400 mg per day of fluticasone compared with the 200 mg per day dosage regime, but with no difference in exacerbation rates. 20 In the smaller study of children with moderately severe asthma there was no difference in efficacy between fluticasone 200 versus 1000 mg per day during the initial two month treatment period. 21 These findings are consistent with the dose-response relation in adolescents and adults in which 80-90% of the maximum obtainable effect is achieved at doses of between 100 and 250 mg per day.
1 They are also consistent with the large placebo controlled study of budesonide in children, which showed a plateau in dose-response between 200 and 400 mg per day for all clinical outcome measures. 27 This dose of budesonide is equivalent to 100-200 mg per day of fluticasone when the potency difference is considered. 28 
Adrenal suppression
The dose-response relation of the systemic effects appeared to differ from that for efficacy with no difference in 24 hour urinary cortisol between placebo and fluticasone at doses of 100 and 200 mg per day in the larger study, 15 although the two smaller studies did report evidence of a reduction in urinary cortisol at these doses. 16 22 In the study of Verona and colleagues, 20 fluticasone at 400 mg per day caused adrenal suppression in a small but clinically significant proportion of children compared with the 200 mg per day dose. 20 This finding is complemented by the study of Kannisto and colleagues 23 in which 20% of the asthmatic children had an abnormal response to ACTH stimulation with fluticasone at 500 mg per day. In contrast, in the study of de Benedictis and colleagues, 29 there was no reduction in overnight urinary cortisol at a dose of fluticasone of 400 mg per day.
Taken together, these findings suggest that fluticasone is unlikely to cause adrenal suppression at 200 mg per day with significant adrenal suppression occurring in some children at 400 to 500 mg per day. This is generally consistent with the recent case reports [2] [3] [4] [5] [6] [7] [8] [9] of adrenal insufficiency in children taking >500 mg per day, but more commonly >1000 mg per day of fluticasone, suggesting that in susceptible individuals the systemic effects at these dose levels may be of clinical significance.
As a result, available evidence indicates that the doseresponse for adrenal suppression with inhaled fluticasone is different for children than for adults. In contrast to our findings, in adults the use of fluticasone in doses up to 500 mg per day rarely causes adrenal suppression. [30] [31] [32] [33] [34] In recognition of this difference, the British Thoracic Society recommends a maximum dose of fluticasone of 400 and 1000 mg per day for children and adults respectively. 
